Aims Functional mitral regurgitation is complicating end-stage heart failure and potential heart transplantation by increasing pulmonary artery pressures. The aim of the present study was to investigate feasibility and haemodynamic effects of percutaneous mitral valve edge-to-edge repair using the MitraClip™ device in patients with end-stage heart failure awaiting heart transplantation.
Introduction
Percutaneous repair of mitral valves in patients with moderatesevere or severe mitral regurgitation and high surgical risk has evolved as a suitable alternative to surgical intervention. [1] [2] [3] [4] [5] [6] [7] [8] Currently, the most widely used device for percutaneous mitral valve edge-to-edge repair (PMVR) is the MitraClip™ system (Abbott Vascular Devices, Santa Clara, CA, USA). 6, [8] [9] [10] [11] [12] In end-stage heart failure patients awaiting heart transplantation, moderate-severe or severe functional mitral regurgitation contributes to morbidity and mortality by increasing pulmonary artery pressure and resistance, which are critical predictors of right ventricular failure post-transplantation and associated with immediate graft failure. [13] [14] [15] [16] [17] [18] In this regard, a fixed pulmonary artery resistance greater than 5 Wood units or a transpulmonary gradient exceeding 15 mmHg is associated with increased mortality and thus generally considered a contraindication to isolated heart transplantation. 19 However, the use of left ventricular assist devices in end-stage heart failure unloads the left ventricle and can reduce elevated pulmonary artery pressures in many patients, as such these changes can be reversible. 20, 21 Because of lack of organ donors and thus prolonged waiting times for heart transplantation, the correction of moderate-severe or severe functional mitral regurgitation and its potential impact on pulmonary artery pressure could be critical for outcome.
In this study, we investigated the feasibility, efficacy, and safety of percutaneous MitraClip™ implantation in end-stage heart failure patients. In addition, haemodynamic effects of PMVR were studied including pulmonary artery pressures, as heart transplant candidates undergo repetitive right heart catheterizations within the clinical routine. In an as-treated analysis, MitraClip™ patients were compared with a historical non-MitraClip™ control group.
Methods
Our retrospective study conforms with the principles outlined in the Declaration of Helsinki. All patients were informed about specific risks and alternatives of MitraClip™ therapy and gave informed written consent to the procedure. The study protocol was in accordance with the local ethics committee.
Patient selection
All patients included in our study suffered from end-stage heart failure [New York Heart Association (NYHA) III or IV, left ventricular ejection fraction < 30%] and concomitant moderate-severe or severe mitral regurgitation and were listed for heart transplantation at Eurotransplant international foundation. All patients were considered as high-risk surgical candidates because of end-stage heart failure. Only patients with suitable mitral valve anatomy for PMVR using the MitraClip™ device were included.
Assessment of mitral regurgitation
Mitral regurgitation was initially characterized using transthoracic echocardiography and transoesophageal echocardiography by experienced investigators unaware of the study and according to current recommendations. 22 Because the prevalence of eccentric mitral regurgitation in the study population was high, the method of the proximal isovelocity surface area for grading mitral regurgitation was not employed. Instead, mitral regurgitation was graded in a semiquantitative manner with colour Doppler, added to the assessment of the width of the vena contracta. This was similarly used for the postimplant grading of mitral regurgitation. Furthermore, left ventricular angiogram and invasive haemodynamic measurements of pulmonary artery pressure and left atrial pressure were used to quantify mitral regurgitation severity.
MitraClip™ group
Between September 2009 and beginning of March 2015, more than 300 patients had been treated with a MitraClip™ device at our institution. In a retrospective analysis, we identified nine patients during this period who fulfilled the previously mentioned inclusion criteria. In these patients, successful percutaneous mitral valve edge-to-edge repair using the MitraClip™ device was performed. Only patients with severely reduced left ventricular ejection fraction and moderate-severe or severe mitral regurgitation despite optimized pharmacological and device-based (implantable cardioverter defibrillator and/or cardiac resynchronization therapy) heart failure therapy had been considered for MitraClip™ implantation. The main reason for performing PMVR in the identified end-stage heart failure patients listed for heart transplantation was prolongation of a clinically stable status on regular urgency status 'T', thus potentially increasing the chance of reaching the goal of heart transplantation. Other concomitant reasons comprised symptom relief and patient recompensation after cardiac deterioration due to heart failure and volume overload.
Control group
To enable a comparison of outcome data with comparably diseased however conservatively managed patients, a historical patient cohort of the pre-MitraClip™ era was employed. Twenty-two patients listed for heart transplantation presenting with moderate-severe or severe functional mitral regurgitation were retrospectively identified and served as control group. Those patients were treated in our institution in the preMitraClip™ era; thus, PMVR was not an option in those cases. Table 1 summarizes patient characteristics of both groups.
MitraClip™ implantation procedure
All procedures were performed under general anaesthesiamonitored by a cardiac anaesthesiologist and transoesophageal echocardiography control as published previously. 12 MitraClip™ was deployed as previously published. 8, 12 Intraprocedural anticoagulation with heparin was adjusted to an activated clotting time of 250-300 s. All patients received prophylactic antibiotic therapy for 3 days after PMVR.
Access site closure was achieved by applying one ProGlide SH closure device (Abbott Vascular, Abbott Park, IL, USA) using the pre-closure technique as described before. 23 Patients were transferred to our intensive care or advanced heart failure unit after the procedure (for at least 24 h). 
Initial evaluation and follow-up
Patients were analysed at two separate time points. In the MitraClip™ group, patients were analysed pre-procedure (study entry) and during follow-up, and in the control group, study entry was defined with recognition of moderate-severe or severe functional mitral regurgitation. For follow-up the latest available time point before study end (03/2015) or before heart transplantation, ventricular assist-device implantation or death was chosen. In the MitraClip™ group, the follow-up was 215 ± 53 days post-initial haemodynamic evaluation and 185 ± 53 days post-MitraClip™ implantation. In the control group, the follow-up was 212 ± 45 days post-initial haemodynamic evaluation. Patients were assessed before the procedure and followed post-procedure in the clinical routine including required right heart catheters as indicated for heart transplant candidates with regular urgency status 'T'. During these visits, patients additionally received blood analyses including N-terminal pro brain natriuretic peptide and a transthoracic echocardiography. New York Heart Association class was assessed during each visit. Repetitive right heart catheterizations (every 6 months for heart transplant candidates in regular urgency status 'T') are necessary to monitor pulmonary artery pressures and resistance and mixed-venous oxygen saturation. Cardiac index was determined according to the Fick principle. In addition, event-free survival was analysed. An event was defined as the composite endpoint of death, high-urgency listing for heart transplantation, and ventricular assist device implantation.
Statistics
Data are presented as medians with interquartile ranges. Because of the small sample size, a non-normal distribution was assumed for every parameter. A Mann-Whitney U test was used for unpaired analyses and a Wilcoxon test for paired analyses. Fisher's exact test was applied in case of two nominal variables. Event-free survival was analysed with a log-rank test. A P-value of less than 0.05 was considered statistically significant. For statistical analysis, GraphPad Prism™ (GraphPad, La Jolla, CA, USA) software was used. Table 1 summarizes patient characteristics of both groups. Patients in both groups had end-stage heart failure and were all listed for heart transplantation at Eurotransplant International Foundation. Both groups were comparable concerning baseline characteristics including ejection fraction, NYHA class, mitral regurgitation grade, haemodynamic measures, and comorbidities ( Table 1) . With respect to concomitant heart failure therapies, the groups were comparable. Because of advanced disease, five of 22 patients in the control group and one of nine in the MitraClip™ group were on intravenous dobutamine therapy at study inclusion (non-significant difference). Percutaneous mitral valve edge-to-edge repair as 'bridge to transplant' using the MitraClip™ system
Results

Baseline characteristics
Patients in the MitraClip™ group had reduced mitral regurgitation and symptoms (NYHA class) at follow-up, while controls remained unchanged ( Figure 1A) . In all patients of the MitraClip™ group, at least one grade reduction of mitral regurgitation was achieved during implantation. In three patients, one MitraClip™ was implanted, and in six patients, two MitraClips™ were deployed. Mitral regurgitation was reduced from Grade 2.8 ± 0.1 pre-MitraClip™ (study entry) to Grade 1.6 ± 0.1 post-MitraClip™ (follow-up) ( Figure 1B ).
Functional effects of MitraClip™
Cardiac biomarker N-terminal pro brain natriuretic peptide did not change significantly in both groups ( Figure 1C) . Ejection fraction minimally decreased in both groups with no evident differences (Figure 2A) . Left atrial diameter was not reduced in controls at follow-up ( Figure 2B ). Interestingly, left atrial diameter was significantly smaller in the MitraClip™ group compared with the control group at follow-up (post) ( Figure 2B ). Left ventricular end-diastolic diameter remained similar in both groups at follow-up ( Figure 2C ). An interesting finding is inotropic dependency, which was not different between groups at study inclusion. However, at followup, 15 of 22 in the control group and two of nine in the MitraClip™ group were dependent on dobutamine (P = 0.0439).
Haemodynamic effects of MitraClip™
Haemodynamics remained stable in the control group at follow-up with respect to cardiac index, mixed-venous oxygen saturation, pulmonary artery pressures and resistance, and pulmonary capillary wedge pressure ( Figure 3A-G) . On the contrary, in MitraClip™-treated patients, systolic and mean pulmonary artery pressures significantly declined; the diastolic pulmonary artery pressure showed a trend towards reduction ( Figure 3C-E) . Interestingly, diastolic pulmonary artery pressure was significantly lower in the MitraClip™ group compared with the control group at follow-up (post). Changes in pulmonary artery pressures (Δ follow-up to study entry) showed a trend towards reduction in the MitraClip™ group ( Figure 3C-E) . In line with these findings, a trend towards reduced pulmonary capillary wedge pressure was found in the MitraClip™ compared with the control group at follow-up (post).
Mixed venous oxygen saturation at follow-up (post) was significantly higher in the MitraClip™-treated patients Figure 3B ). No differences in cardiac index measurements were found ( Figure 3A) .
Event-free survival
Interestingly, patients successfully treated with a MitraClip™ had a slightly improved event-free survival compared with the control group, albeit not significant (χ 2 = 1.233, P = 0.2669) (Figure 4 ). In addition, two patients in the MitraClip™ group were successfully heart transplanted from normal transplant status because of waiting time and not via high urgency. Both patients are still alive as this manuscript was composed.
Major adverse events within 30 days
No patient died during the MitraClip™ procedure, and all patients survived 30 days post-intervention. Within 30 days, Figure 4 Event-free survival in the MitraClip™ group (MC) and in the control group (Control). An event was defined as the composite endpoint of death, high-urgency heart transplant listing, and ventricular-assist-device implantation. Log-rank test.
MitraClip™ as 'bridge to transplant' 899 no device embolization, thrombus embolization, stroke, myocardial infarction, bleeding, infection, or pericardial effusion occurred.
Discussion
Heart failure is the leading disease causing hospitalization in Germany and a major cause of death in Germany and the Western world. 24, 25 Accordingly, many patients with advanced disease states and end-stage heart failure require suitable treatment. Gold standard for management of endstage heart failure is heart transplantation. 24 However, because of organ shortage, waiting times increase. 26 Because of heart failure and co-morbidity, these end-stage heart failure patients might finally not reach the goal of heart transplantation. A significant and frequent co-morbidity in these patients is moderate-severe or severe mitral regurgitation because of mitral ring dilatation, termed as functional mitral regurgitation. [13] [14] [15] [16] Moderate-severe or severe mitral regurgitation leads to increases in pulmonary artery pressures, thus contributing to dyspnoea, exercise limitations, and mortality in end-stage heart failure. [13] [14] [15] [16] In addition, an increase in pulmonary artery pressures is a risk factor for mortality after orthotropic heart transplantation. 19 Management of advanced and terminal heart failure patients with moderate-severe or severe functional mitral regurgitation is complex. Surgical mitral valve repair was evaluated in a prospective trial in congestive heart failure patients with moderate-severe or severe mitral regurgitation. In this trial, surgical mitral valve reconstruction was not associated with an overall survival benefit. 27 A novel alternative therapeutic approach is endovascular mitral valve repair. [1] [2] [3] [4] [5] [6] [7] [8] The most commonly used device is the MitraClip™. 6, [8] [9] [10] [11] [12] A prospective randomized controlled trial showed similar survival compared with surgical mitral valve repair or replacement in functional or degenerative mitral regurgitation, but higher re-operation rates after MitraClip™ implantation because of recurrent mitral regurgitation. 8 However, patients with end-stage and terminal heart failure were excluded from this study. As such, the safety and effectiveness of MitraClip™ therapy in patients with end-stage and terminal heart failure is less predictable. This is to our knowledge the first analysis of a series of endstage heart failure patients with moderate-severe or severe functional mitral regurgitation and MitraClip™ implantation as 'bridge-to-transplant' strategy. First, our data suggest that MitraClip™ therapy is feasible and safe in end-stage heart failure patients. After successful MitraClip™ implantation, a significant reduction in mitral regurgitation was achieved. In addition, NYHA class improved significantly. Successful MitraClip™ deployment resulted in significant reduction in systolic and mean pulmonary artery pressures. As increased pulmonary artery pressures favour dyspnoea, the clinical improvement is likely to be attributed to the percutaneous mitral valve edge-to-edge repair with the MitraClip™ system. Furthermore, mixed-venous oxygen saturation significantly increased in the MitraClip™ group compared with the control group at follow-up, pointing towards improved cardiac function. However, no differences in cardiac index measurements were found. This discrepancy might be explained by the transseptal puncture (24F) during MitraClip™ implantation with creation of an atrial left to right shunt potentially negatively impacting cardiac index assessment. This potentially applies to all patients in the MitraClip™ group. Unfortunately, we do not know in these patients if the shunt was still open at follow-up. In light of significantly more inotrope (dobutamine)-dependent patients in the control group at follow-up compared with the MitraClip™ group, the improvements in pulmonary artery pressures and mixed-venous oxygen saturations after PMVR are considerable. Overall, these results are in concordance with previous studies focusing on MitraClip™ therapy for severe functional mitral regurgitation in heart failure patients. [28] [29] [30] [31] Contrary to other studies on MitraClip™ in heart failure patients, 12, 28, 31 left ventricular dimensions and thus left ventricular remodelling were not altered after successful MitraClip™ implantation in our retrospective study. Most likely, because of end-stage heart failure observed in our patients, sole reduction of mitral regurgitation did not allow reversal of left ventricular dilatation.
Thus, MitraClip™ implantation might be an option in endstage heart failure patients listed for heart transplantation and concomitant moderate-severe or severe functional mitral regurgitation with subsequent elevation of pulmonary artery pressures. MitraClip™ implantation could result in an enhanced or stabilized clinical status and thus possibly quality of life while awaiting heart transplant presumably by significant reduction of pulmonary artery pressures. As such, the chance of reaching heart transplantation in a suitable clinical status increases. Event-free survival was poor in both groups reflecting the frailty of our included patients. Interestingly, a slight trend towards improved event-free survival was observed in patients successfully treated with the MitraClip™ device. In addition, as opposed to surgical mitral valve approaches, no sternotomy or lateral (mini-)thoracotomy is required for MitraClip™ implantation, which renders subsequent heart transplantation less complicated.
Limitations of the study
It is a retrospective trial. Overall, the sample size of our present study is rather small. However, this is a rather selected patient cohort with high morbidity and mortality, and these data are helpful in developing the confidence of using the MitraClip™ device in end-stage heart failure patients awaiting heart transplantation in the future. In addition, assessment of cardiac index is hampered by transseptal puncture with creation of an atrial left to right shunt and is consequently potentially misleading. As such, no significant differences were found at follow-up, despite improved mixed-venous oxygen saturation in the MitraClip™ group compared with the controls. Furthermore, haemodynamic measurements might certainly be influenced by inotropic therapy. However, the fact that more patients in the control group at follow-up were on pharmacological inotropic support even strengthens potential improvements in the MitraClip™ group.
The nearly complete lack of data in the field of interventional mitral valve repair as 'bridge-to-transplant' strategy justifies this pilot study providing the groundwork for a prospective study.
Conclusions
Heart transplantation is the 'gold standard' in end-stage heart failure treatment. However, because of organ donor shortage and increased waiting times, co-morbidities such as mitral regurgitation and resulting pulmonary hypertension contribute to morbidity and mortality, and patients might not reach lifesaving heart transplantation. The results of our current study suggest that percutaneous mitral valve edge-to-edge repair with the MitraClip™ is feasible and safe in a high-risk advanced and terminal heart failure population. Reduction of mitral regurgitation results in symptom relief and favourable impact on pulmonary artery pressures and increase in mixedvenous oxygen saturation compared with the control group. As such, MitraClip™ implantation holds potential, and our study justifies further prospective evaluation.
